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Abstract 
As the travel time covers a substantial part of picking processes in warehouses, an appropriate sequencing of picking lines within 
a batch is crucial to achieve high efficiency. Routing heuristics for line sequencing in order picking batches are well researched, 
documented and implemented in today’s Warehouse Management Systems (WMS). For storage areas in practice where routing 
heuristics could hardly be applied, an optimisation routine could be an alternative. Based on a digitised network, the Line 
Sequence Optimisation (LSO) calculates the line sequence for a given batch with the minimum travel time. For a case study at a 
distributor in the electronic devices business segment, the quantitative evaluation showed an overall improvement potential of 
7,4%. But in contrast to systematically working heuristics for routing, the sequences generated by the LSO may look illogical to 
the picker - a qualitative evaluation needs to follow to identify sequence patterns and to discuss the methodology with the picking 
personnel. 
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1. Introduction  
Automation for order picking processes in warehouses is only deployed to a limited extent – large and long 
ranging investments are necessary, dynamic market demand requires more and more systems flexibility, and the 
products characteristics like size and/or weight may change significantly over time. For this reason, the manual 
operation  will still represent the majority of order picking systems. An expert guess is available as for example by 
de Koster et al. (2007) who report on the basis of the own experience that „over 80 % of all order-picking systems in 
Western Europe“ belong to the type of „low-level, picker-to-parts order-picking systems employing humans“. And 
this figure is confirmed by Furmans (2009) as a result from the continuous study on „Warehouse excellence“ based 
on the DCRM (Distribution Center Reference Model from Wisser (2009)). As the cost related to order picking play 
an important role within the warehouse expenses, and the latter themselves cover an essential part of the supply 
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chain cost in total, warehouse professionals consider improvements in order picking processes as a high priority 
area. 
Considerable scientific work about the related decision problems for the design and control of order picking 
processes has been done and published, as it has been reported in an extensive recent literature review by de Koster 
et al. (2007). To let the scientific results generate their ultimate benefit, the consequent step is the integration of 
these results into the real life of industry. For the warehouse environment, this means an implementation within 
Warehouse Management Systems and the integration into the day-to-day planning and controlling processes. 
A good overview on the software suppliers being active within the market of Warehouse Management Systems 
(WMS) in Germany, Austria and Switzerland is given within the recently published WMS Market Report 2010 (Ten 
Hompel et al. (2010)). Based on a thorough market research, the report follows up on current developments and 
market trends in WMS. This paper concentrates on improvements by routing methods for order picking processes in 
warehouses and gives in parallel a short look into the current implementation status within available WMS based on 
the WMS Market Report 2010. 
2. Order picking strategies in Warehouse Management Systems 
Software systems are used to support the warehousing processes. Starting as Inventory Control Systems, today’s 
WMS contain much more functionality and optimisation routines. Order picking as the process of retrieving 
products from storage in response to a specific customer request is considered as a core function within a WMS. 
Experiences from practice show that about a half of the total operating expenses of a warehouse is spent by order 
picking (see Tompkins et al (2003)). This is caused by the complexity and the labour intensity of order picking 
processes. Given this economic importance, the decision support for planning and controlling the order picking 
processes within a WMS is a central task, and WMS suppliers are seeking to integrate functionality for increasing 
the productivity and optimising the order picking operation. This kind of decision support will be named the order 
picking strategy later on. 
Typical decision problems in design and control of order picking processes concern optimal layout design, 
storage assignment, zoning, order batching, routing and order accumulation and sorting (see de Koster et al (2007)). 
Routing methods are of particular importance as they influence directly the time needed for an order picking batch. 
Splitting up the total picker’s time, about half of the time is spent during travel (see Tompkins et al (2003)). This 
means that an optimum routing for an order picking batch is crucial for minimising the total time of a batch. A given 
constant time for the other activities of a picker, the routing with the minimum travel time will be achieved if the 
sequence of the lines within the order picking batch is optimum. An excellent overview of routing methods and the 
research work done so far can be found in de Koster et al. (2007) who report that „In practice, the problem of 
routing order pickers in a warehouse is mainly solved by using heuristics.“ 
The most common heuristics that are used to determine the sequence of picks within a batch comprise S-shape 
method, return method, midpoint method, largest gap and combined or composite method. Details could be found in 
de Koster et al. (2007) referring to Roodbergen (2001). Several researchers have done comparisons of methods to 
find out the best of them, for a given warehouse situation assuming that they still deviate from the optimal solution. 
The use of heuristics in practice is basically confirmed by the WMS Marktreport 2010 by the Fraunhofer Institut 
für Materialfluss und Logistik (IML), Dortmund (Ten Hompel et al. (2010)). Current developments and market 
trends in WMS are explained in this report, which is based on a thorough market research both from the providers 
and the user’s point of view. Within the report, 93 providers have responded to a systematic review on a total of 112 
WMS in Germany, Austria, Switzerland and BeNeLux. A specific question concerns the sequence optimisation of 
picking orders: “Which strategies are supported for travel time optimisation?” Most of the providers – 80 % and 
more - confirmed the strategies “User defined sequence of storage locations”, “S-shape strategy”, “Return strategy” 
and “Zig-zag strategy”. More complex heuristics like “Largest gap strategy” or “Combined strategy” are rather 
rarely supported (9%). On the other hand, providers seem still to be reluctant to offer optimisation routines which 
calculate the minimum travel time. 
Previous studies on sequence optimisation for order picking batches compared basically the available routing 
heuristics with the minimum travel time routing, to select the best working routing heuristics. For those cases where 
routing heuristics could hardly be applied, this paper looks into the potential of using mathematical optimisation 
routines to solve the sequencing problem in order picking batches. The results are directly presented in relation to a 
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case study from practice – this is considered to be a typical case of practical constraints in warehouse layout that 
makes the application of routing heuristics difficult. 
3. Implementation of decision support for order picking 
3.1. Company Profile 
The studied company is one of the leading distributors of electronic devices for the consumer mass market in 
Europe. Since its foundation, the company has successfully entered the business segment of distributing equipment 
for PCs, video consoles and handhelds. The products range from small USB sticks across computer mice, headsets, 
game controllers and laptop cases to complete sound systems. From a distribution centre with three warehouses in 
Northern Germany, the main German retail chains for mass market electrical appliances are delivered. 
On the supply side, the products of the distributor are delivered to the main warehouse by trucks and oversea 
containers for goods receipt and then forwarded to the different storage areas (see figure 1). 
 
Figure 1 Layout and functions within the warehouse 
Goods are entering the receiving area through docks. The products are stored according to assignment criteria as 
for example the size and the popularity within four different storage areas. W1 with two levels W1A (upper level - 
above) and W1B (lower level - below) contains shelves. W1A can be accessed from W1B via a staircase; packed 
cartons could be sent down from W1A to W1B via a roller conveyor. Each compartment could be directly accessed 
for picking. W2 and W3 contain conventional pallet racks where only the bottom level is used for picking. 
The logistics processes are supported by a standard warehouse management system (WMS) from a software 
supplier using handhelds for barcode scanning. Picking processes are performed paperless by using these handhelds. 
Each order picking batch – further on called a “batch” - with a number of picking lines – further on called “lines” - 
is performed by only one picker. Picking processes start in the packaging area by getting a vehicle, i.e. a picking 
cart. For broken case picking, cartons are placed on the vehicle and articles are directly picked into the carton. After 
finishing the picking process, the cartons are closed, labelled within the packaging area and then transported to the 
sending area near the docks. Within the sending area, these cartons are consolidated with full cases on customer 
specific pallets to be ready for loading. Truck operators arrive at given cut-off times defined for different 
geographical relations. 
3.2. Network Generator 
In order to implement the decision support functions for order picking for the distributor, the layout of the storage 
areas is represented in a digital network with nodes and links. Each single access point to a compartment to pick 
products is digitised as a node aggregating all compartments in the vertical dimension. The interconnecting stretches 
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which are used for travelling by the picking personnel are entered as links. Given this information the distance 
between each pair of access points and other important geometrical points can be calculated in a distance matrix, 
and, by using a mean value for the speed, the travel time for the personnel during the picking process can be 
estimated. 
Each compartment within a rack is identified by a unique storage location number which contains 
x the storage area (three characters) 
x the storage rack (three characters with one capital letter for the block and two digits for the position) 
x the compartment (two characters with one capital letter for the level and one digit for the position) 
The digital network contains some 1.800 nodes. The density of the network is very dependent on the storage 
equipment used, i.e. shelves in W1A and W1B and pallet racks in W2 and W3. Each individual compartment 
containing a product must be represented in a way to be able to perform a correct line sequence optimisation within 
the routing procedure. All compartments within a storage rack are aggregated to be represented by one node; no 
differentiation in the vertical dimension was made. This means that from the above mentioned storage location 
number, only the storage area and the storage rack are used to identify the storage location for a given line of a 
batch. 
The warehouse could be considered a multiple block warehouse. Considering the four storage areas, three of 
them as there are W1A, W1B and W3 have a rectangular layout and consist of standard racks with uniform 
geometrical parameters. Each of these three areas has a unique entry and exit point. However, W2 has a different 
geometrical shape which necessitates a different approach for the order picking strategy. Moreover, if the order 
picking is covering all storage areas in one batch, the entry and exit points from W1A/W1B towards W2 and W2 to 
W3 will be different. 
3.3. Order picking strategy 
Within a given batch to be picked, the line sequence is determined by the WMS by sorting the lines according to 
their respective storage location number. 
This means on the first sorting level that the storage areas are run through from W1A to W1B followed by W2 
and W3. Looking at the layout, this sorting systematic seems logical. On the second sorting level within each 
storage area, the blocks run through from A to Z, and within each block, from 01 to 99. The resulting line sequence 
for a batch is referred to further on as the “System sequence” (SYS). 
Having initiated a specific batch, the picker receives the lines in this SYS sequence via the handheld but he also 
has an overview across the following lines. So he could decide to change the order and optimise the routing. This 
sequence is referred to further on as the “Picker sequence” (PIC). 
Given the distance matrix and by using an optimisation routine, basically solving the Travelling Salesman 
Problem, the line sequence with the minimum total travel time could be calculated. This sequence is referred to 
further on as the “Line Sequence Optimisation sequence” (LSO). 
The systematic to determine the SYS line sequence requires that the definition of blocks and the assignment of 
positions for each storage rack within a block must be done beforehand and must follow an order picking strategy. 
The four storage areas need to be analysed respectively to give their characteristics. 
W1A, W1B and W3 do have a rectangular layout, with a homogeneous block structure of racks inside. This 
means that in these cases routing heuristics can be applied. 
W1A and W1B contain shelves. The aisles are narrow, and the ratio of space used for storage is high. The storage 
location number assignment is based on the S-shape routing strategy aisle by aisle with two-sided picking; this is 
done by house numbering within each aisle, i.e. that even numbers are on the one side, and odd numbers are 
assigned to the other side of an aisle. The storage location number assignment for W1B follows the same logic. 
W2 contains conventional pallet racks. The aisles are wide, and the ratio of space used for storage is lower than 
in W1A and W1B. The pickers could easily turn within an aisle or pass each other. As the layout of W2 is not 
rectangular, the assignment of capital letters to blocks is not evident in each case but could be based on expert 
knowledge of picking processes.  
The storage location number assignment in W2 is based on the S-shape routing strategy with single-sided picking 
alongside the main three aisles. To start the sequence, the two racks within the right above rectangular corner are 
numbered separately A and B. The Entry/Exit point X12 from W1A/W1B to W2 is located below the rack A. The 
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Entry/Exit point X23 from W2 to W3 is located at the lower left hand corner. The storage location number 
assignment and the Entry/Exit points are given within the following figure 2 for W2. 
 
Figure 2 Storage location numbers in W2 
Concerning the storage location number assignment, the case of W2 is challenging. There are different block 
structures with different geometrical characteristics, and the main aisles are crossed by a separate aisle for short 
cutting. The current routing method which is being used, is the S-shape routing strategy with single-sided picking 
applied to the main three aisles. As a result of the number assignment, the pickers start on the right hand side of the 
storage area, walk up the wall and continue into the three aisles up and down.  
The way that goes through the storage area is intuitively clear but there are drawbacks: 
1. Nearly all picking batches contain items from all storage areas i.e. from W1A/B, W2 and W3. But the return 
strategy ends at storage location number H10 (see figure 2) being still far away from the Entry/Exit point to 
W3 (X23). 
2. The flexibility generated by the cross aisle could only be used in part because of the S-shape routing strategy 
forcing the sequence to go up and down the aisles. 
As some of the racks are directly standing near to the walls, further routing heuristics as mid-point, largest gap or 
combined strategies seem not to be directly applicable. In summary, it seems to be difficult to generate an 
appropriate solution for this routing problem by using one of the existing heuristics methods. For this reason, the 
solution based on an algorithm of calculating the optimal minimum travel time could be considered. 
W3 also contains conventional pallet racks as W2 does. The aisles are wide, and the pickers could easily turn 
within an aisle or pass each other. The layout of W3 is rectangular and the storage blocks are homogeneous. The 
storage location number assignment is based on the S-shape routing strategy with single-sided picking alongside the 
seven aisles starting at the far end wall of the storage area. 
3.4. Deployment of Line Sequence Optimisation 
The module Line Sequence Optimisation (LSO) was tested with the data for one full working day (29.10.2009). 
The original data set contained a total number of 385 batches. A first analysis was made for the current situation 
based on the line sequence from the WMS (SYS) and the resulting line sequences performed by the picking 
personnel (PIC). It appeared that in four cases, the process description was not exactly followed up by the personnel 
– in each case, two batches were merged without one finalising scan per batch. Consequently, a total number of 
eight batches were excluded from the evaluation resulting in a total number of 377 batches with 4.071 lines. The 
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average number of lines per batch was 10,8. Compared to the values from February and March 2009, these 
indicators are at the upper end of the range (see above table 1). 
Quantitative evaluation of Line Sequence Optimisation (LSO) 
The original data for the travel distance is given in units which could be converted to meters by dividing by factor 
eight. This conversion step is made to relate the results to the practical processes and their performance. 
A global comparison of the SYS and PIC values was made to deduce the potential improvement by the personnel 
as the “human intelligence factor”. The analysis showed that this improvement is about 0,2 % in total across all 
batches. For the following analysis it was hence decided to exclude this influence and only to compare the SYS with 
the LSO sequences. A separate study could go into detail on the “human intelligence factor”. 
From the 377 batches included, a number of 141 batches could be improved by LSO with an improvement level 
equal or greater 0,1% in comparing LSO with SYS. The absolute maximum improvement from one single batch 
could have saved in practice some 400 meters for a total batch length of about 2.464 meters. 
The overall improvement by the LSO on the SYS sequences is 7,4 % meaning a total of 16,5 kilometres out of a 
total of 224 kilometres on an average working day. Assuming an average speed of 3,5 km/h for a picker, the 
improvement would be equivalent to 4,7 working hours or about half a person per day. 
From the general results from above, it could be concluded that the order picking processes could considerably be 
improved by LSO, on average by 7,4 % compared to the SYS routing. As described above, the storage areas W1A, 
W1B and W3 contain standard racks in a rectangular layout being well suited to apply one of the known routing 
heuristics like S-shape, Return, Mid-point, Largest Gap or Combined. It is worth to point out that the storage area 
W2, is the area where a standard heuristic cannot directly be applied. Furthermore, looking into the details of the 
optimisation potential, it becomes clear that W2 could be a focal area for further improvement. 
For this reason, the relative contribution of the improved batches within W2 in relation to the total optimisation 
potential is evaluated. The batches were sorted in decreasing order of their absolute optimisation potential between 
LSO and SYS sequence. In this order, the first ten batches were analysed in detail focussing on the line sequencing 
inside W2. 
Within table 1 below, the following indices are given for a total number of ten batches: 
x # of lines: Number of lines in batch (B) 
x Potential in units: Absolute difference between SYS and LSO within whole batch (C) 
x W2 SYS in units: SYS sequence distance within W2 (D) 
x W2 LSO in units: LSO sequence distance within W2 (E) 
x W2 potential in units: Absolute difference between SYS and LSO within W2 (F = D – E) 
x W2 potential in %: Percentage of optimisation potential only within W2 (%) (G = F * 100 / D) 
x W2 contribution in %: Percentage of optimisation potential within W2 of the total batch potential in % 
(H = F * 100 / C) 
The conclusions for the ten batches with the highest absolute potential are that  
x the contribution of W2 to the total optimisation potential ranges between 46,5 % and 69,4 % 
x the potential within W2 ranges between 27,3 % and 34,6 % 
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Table 1 Optimization potential within storage area W2 compared to total potential 
A B C D E F G H 
Batch 
# of 
lines 
Potential  
in units 
W2 SYS  
in units 
W2 LSO  
in units 
W2 potential 
in units 
W2 potential 
in % 
W2 contribution 
in % 
75264 45 3198 6346 4151 2195 34,6 68,6 
75913 22 3160 5438 3744 1694 31,2 53,6 
75421 24 2879 5327 3582 1745 32,8 60,6 
75489 25 2867 4747 3331 1416 29,8 49,4 
75357 31 2840 5399 3706 1693 31,4 59,6 
75990 27 2752 5812 3901 1911 32,9 69,4 
75403 8 2626 3930 2710 1220 31,0 46,5 
75511 21 2582 5608 3932 1676 29,9 64,9 
75936 18 2479 5119 3722 1397 27,3 56,4 
75374 16 2461 4839 3392 1447 29,9 58,8 
 
Given these figures, it can be concluded that there is a high improvement potential in W2. Given the fact that 
routing heuristics could be applied to W1A/W1B and W3, these storage areas will not be further considered within 
the scope of this paper. In contrast, the use of an optimisation routine for W2 will further be evaluated. 
Qualitative evaluation of Line Sequence Optimisation (LSO) in W2 
Apart from a pure quantitative evaluation, it is important to analyse the resulting effects on the routing to be 
performed by the pickers in practice. One of the arguments by de Koster et al. (2007) is born in mind which says 
that “Optimal routes may seem illogical to the order pickers who then, as a result, may deviate from the specified 
routes.” For this reason, the line sequences generated by LSO should be analysed in view of “plausibility”. 
Within the following figures, the application of LSO to an example batch is explained. A batch within W2 could 
start at any of the two Entry/Exit points X12 or X23 assuming that the optimal solution is symmetrical, i.e. the 
reverse sequence will result in the same total length. It is further assumed that each batch contains lines from all 
storage areas, i.e. W1A/W1B, W2 and W3. This means that in any case, X12 and X23 will be passed. 
The batch number 75894 contains twelve lines within W2. The resulting SYS sequence follows the systematic 
described above, basically the S-Shape strategy with single-sided picking in the three main aisles (see left hand side 
in figure 3). The LSO sequence avoids the multiple go and return pattern within the aisles (see right hand side in 
figure 3). 
 
        
Figure 3 SYS and LSO sequences for batch 75894 
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For the batch 75894, the total length across all storage areas is 11.673 units for the SYS sequence. The LSO 
sequence results in a length of 10.002 units giving an improvement potential of 1.671 units or some 14 %. For this 
batch, the main improvement potential could be seen within W2 contributing with some 90 % of the total; a 
difference of 1.504 units means a reduction of about 35 % of the total length in W2 only. Converted to meters, this 
equals an improvement potential of some 200 meters from a total of some 530 meters within W2. 
Plausibility check of Line Sequence Optimisation (LSO) in W2 
To apply the LSO sequence in practice to solve the routing problem for W2, this solution should be analysed by 
reflecting the argument on “Plausibility” from above. 
By using a routing heuristics like the S-shape strategy or the Return strategy, the picker will experience the line 
sequencing characteristic with the time. The picker will consequently expect this characteristic to appear in any 
future sequence - the picker is getting familiar with the results. In contrast, by using an optimisation routine, this 
feature is not secured. The shape of LSO sequences may differ from one batch to the next depending on the storage 
locations demanded. In general, there is no inherent systematic or characteristic. 
This effect has been reported in previous articles. Dekker et al. (2004) developed a combination of policies for 
storage assignment and routing for “Improving order picking response time at Ankor’s warehouse”. In view of the 
slightly differing results for different policies they reported that the company decided for a policy which stays as 
close as possible to existing methods. 
De Koster et al. (1999) described a similar situation in a study for the distribution centre of De Bijenkorf. The 
company decided to implement the combined heuristic for routing instead of the optimal algorithm. One argument 
against the optimal algorithm was that “... the sequence of the locations on the pick list is not always straightforward 
to a picker ...”. 
It could be consequently assumed that for a picker in the described above warehouse situation, that is being 
familiar with routing heuristics, the LSO sequences may seem illogical in first instance. In the worst case, the picker 
may deviate from the optimal route and increase the overall travel time. For this reason, it seems necessary to 
explain the process inside the optimisation routine and to discuss the sequence results with the picking personnel. 
The basic idea is to identify “sequence patterns” which show the diversity of the results of LSO, and then discuss 
these show cases with the picking personnel. For the identification process, a software tool which displays the SYS, 
PIC and LSO sequences is used. The plausibility of the LSO sequences is checked via visual evaluation, and 
characteristic patterns are identified. 
One example for such a “sequence pattern” as a LSO result is given within the following figure 4. The LSO 
sequence shows a combination of S-shape strategy and Return strategy – in the case of one strict routing heuristic, 
these two characteristics could occur only separately. Coming from W1A/W1B and starting at X12, the S-shape 
structure goes through the three main aisles and is complemented by return paths to serve the racks directly placed at 
the walls. The cross aisle is used to leave in a short cut through X23 to W3. This sequence pattern occurs for 
example for the two batches 75264 and 75357 but is characteristic also for several other batches. 
  
Figure 4 LSO sequence for batches 75264 and 75357  
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The second step where the routing method and the sequence patterns will be explained to the picking personnel, 
is foreseen, and field tests that will follow in the future. 
4. Conclusion 
Routing heuristics for line sequencing in order picking batches are well researched, documented and 
implemented in today’s Warehouse Management Systems (WMS). Nevertheless, in practice, where routing 
heuristics could hardly be applied (non rectangular geometry, inhomogeneous rack block structures, cross aisles at 
different places), conditions in storage areas do exist. For these cases, the paper proposes the using of an 
optimisation routine as an alternative. Based on a digitised network, the Line Sequence Optimisation (LSO) 
calculates the line sequence with the minimum travel time. But in contrast to systematically working heuristics for 
routing, the sequences generated by LSO may look illogical to the picker - a qualitative evaluation needs to follow. 
A case study for a distributor in the electronic devices business segment delivered promising results. The 
quantitative evaluation showed an overall improvement by 7,4 % for all batches of one whole working day. The 
biggest part of the improvement could be assigned to one specific storage area where the LSO showed strong 
potential improvements above 27 % for several cases. Before introducing LSO to practice, a qualitative evaluation 
needs to follow. Sequence patterns, which will be explained and discussed together with the picking personnel in the 
field, were identified. The LSO is planned to be integrated as a supplementary functionality into an existing WMS of 
a supplier, and this functionality will enhance the supplier’s product offer to the market. 
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